Abstract: This paper summarizes the findings of groundwater potential zonation mapping at the Bharangi River basin, Thane district, Maharastra, India, using Satty's Analytical Hierarchal Process model with the aid of GIS tools and remote sensing data. To meet the objectives, remotely sensed data were used in extracting lineaments, faults and drainage pattern which influence the groundwater sources to the aquifer. The digitally processed satellite images were subsequently combined in a GIS with ancillary data such as topographical (slope, drainage), geological (litho types and lineaments), hydrogeomorphology and constructed into a spatial database using GIS and image processing tools. In this study, six thematic layers were used for groundwater potential analysis. Each thematic layer's weight was determined, and groundwater potential indices were calculated using groundwater conditions. The present study has demonstrated the capabilities of remote sensing and GIS techniques in the demarcation of different groundwater potential zones for hard rock basaltic basin.
Introduction
The growing demand for our "most precious resource" will never cease. As our population increases, the need for potable water also increases. Agriculture and rapid industrialization has only added to the growing demand, especially for groundwater. However, just like any other "precious" commodity, it has to be conserved for potential use. The watershed management has become of major importance for the development and progress of all * E-mail: Biswajeet.Pradhan@mailbox.tu-dresden.de regions. The present study highlights the usefulness of remotely sensed data and knowledge based geographical information systems (GIS) for the collection, integration and analysis of the existing data in GIS environment. The systematic study of geological, hydrogeomorphological, hydrogeological and remote sensing [1] [2] [3] [4] [5] [6] [7] [8] [9] parameters have been chosen in quantifying the groundwater resource and also predicting the groundwater potential in Bharangi River basin, Maharastra.
The study area, the upper Bhatsai basin, lies in between the latitudes 19°30.9' and 19°13.18' and longitudes 73°14.55' and 73°21.43', covering an area of approximately 59.5208 km 2 . The location of the study area is shown in Figure 1 . Geomorphologically, the study area comprises a typical horizontal basalt, namely mesas and buttes, which constitutes 15 percent of the study area. There are steep scarps present in the north-western boundary of the drainage basin ( Figure 2 ). The region is mainly hilly with an extensive plateau to the west and small plateaus to the north and south. The valley itself is quite narrow and elongates, with steep ridge slopes that grade into a portion of terraces that, in turn, gently slope towards the main river channel.
The Bharangi River basin experiences seasonal summer from March to June and winters from November to the following February. The nights during the summer months are quite warm, with an average temperature of apprioximately 24°C, while the average temperature during the day is about 41°C. During the winter months the mean daily temperature is around 30°C and the average night temperature is approximately 12°C with December being the coldest month. Humidity is very high during the summer months with an average of about 70-80% relative humidity. The climate is reported to vary as one travels from the upper reaches of the valley to the lower reaches. Consequently, there is a difference in the land use pattern and soil type in the entire valley, possibly on account of variable climatic conditions. For instance, the soil in the study area is predominantly black cotton soil with the thickness of the soil layer varying from 0.5 meter in the slopes to about 1.5 meter in the plains. The study area falls within the Deccan Basaltic Province which has an areal extent of over 500,000 km 2 ; covering parts of Maharastra, Karnataka, Andhra Pradesh, Madhya Pradesh and Gujarat and has a maximum thickness of about 2500 m. The "Lithological Map" of the study area is shown in Figure 3 [10] [11] [12] [13] [14] . Due to high rainfall and large variation in seasonal temperature, the basalts are found to be weathered up to a maximum depth of about 10 meter. Initial spheroidal weathering has given rise to lateritic soils in the area which has been observed in locations such as Shil and Airavil (Figure 4 ). Red boles have been found near the Belapur Station which may be a product of the weathering of basalt ( Figure 5 ).
Data used
The following data was used for the study: (i) Remotely sensed data, viz. IRS 1B LISS III with 23.5 meter spatial resolution; LANDSAT TM with 30 meter spatial resolution (ii) The Survey of India toposheet 47E/7scale 1:50,000, and (iii) field data, viz. vertical electrical sounding data. Six factors (slope, drainage density, lineament density, land use/land cover, lithology geomorphology) were considered for the groundwater zonation analysis, which were extracted from the constructed spatial database. The factors were transformed into a vector-type spatial database using GIS, and groundwater-related factors were ex- tracted using the database. In order to demarcate the groundwater potential zones of the study area, different thematic maps on 1:50,000 scales were prepared from remote sensing data, topographic maps and resistivity data. The thematic maps on hydrogeomorphology and lineaments were prepared using IRS 1B LISS-III satellite data by visual interpretation on 1:50,000-scale.
DEM generation
A digital elevation model (DEM) was created first from the topographic database. Contour and survey base points that had elevation values were extracted from the 1:50,000-scale topographic maps. The contour lines and elevation data clouds were interpolated using triangulated irregular networks (TIN). The TIN-mesh was built to represent the facets of the point clouds by using Delaunay triangulation [15] . The TIN-based interpolation method was then used to rasterize the elevation point clouds to make up the DEM. Using this DEM the slope angle was calculated. In the present study, substantial attention has been given for slope conditions. Slope configuration and steepness played an important role in conjunction with the lithology. The contour height information and elevation data were extracted from Survey of India toposheets and the drainage map was prepared from the Survey of India toposheet & satellite data. All the prepared primary input maps (hydrogeomorphology, lineament, slope and drainage) were digitized in the Arc/View GIS software package, and the slope map was prepared from the DEM. The DEM was then used to describe geomorphological and hydrological processes in the landscape.
In the present study, the DEM's are assigned as the cell based data with 20×20 meter resolution and registered to the UTM coordinate system, the same as that of the satellite data used in this study.
Thematic layers and their analysis

Remote sensing data
Remote sensing formed an integral part of the present work, as it provided the maximum information on the various geomorphic parameters like landforms, structures, etc. Thematic maps such as lineament maps, land use/ land cover maps, etc have been prepared from the remote sensing data. In this case, Landsat TM and IRS 1B LISS III satellite data were used. The Landsat TM is a multispectral scanning system that records reflected/emitted electromagnetic energy from the visible, reflective-infrared, middle-infrared and thermal-infrared regions of the spectrum. TM has swath width of approximately 185 km from a height of approximately 705 km. The spatial resolution of TM is 30×30 meter for six bands and 120×120 meter spatial resolution for the thermal band (band 6) with 8 bit radiometric resolution [16, 17] projection. The Landsat TM digital data was used for digital image processing and different images were prepared. The image processing work started with the extraction of the digital data by windowing data of 600 columns and 450 rows. Using the Erdas Imagine 8.7 image processing software, more than 50 ground control points (GCPs) were selected from the rectified image and paired with their uncorrected corresponding points in the raw image. Then polynomial transformation was applied to georectify the image. The calculated RMS error was acceptable in the range between 0.127 and 1.032. For resampling, the algorithm of nearest neighbour was used. The radiometric value of the output pixel was set equal to the value of the nearest input pixel in the original geometry. This algorithm preserves the original digital numbers and it is good for following classification work [18] . The Cubic convolution algorithm produces a better-looking image, but, on other hand changes the original digital numbers. The rectification was necessary for using the image of the study area with other topographical data. Feature selection plays an important role in choosing the right band combinations used in visualization and classification. According to Skidmore [19] , band combinations are created by combining bands of spectral data to enhance the particular land form or land cover of interest. A significant advantage of multispectral imagery is the ability to detect important differences between surfaces by combining spectral bands. Within a single band, different materials may appear virtually the same, but by selecting particular band combinations, various materials may be contrasted against their background by using colour. The visible bands (RGB on channels 3, 2, 1) were used for a first reconnaissance of processing image. True colour composite shows cultural features such as road, but this composite has low contrast and appears very flat. False colour composite (RGB on channels 4, 3, 2) was used initially to detect the influence of soils by vegetation. This composite appears similar to an infrared photograph, for instance, vegetation appears red, and water appears navy blue or black. False colour composite (RGB on channels 7, 5, 3) data was used to solve the problem ( Figure 6 ).
Hydrogeomorphology
A hydromorphological map ( Figure 2 ) was prepared by digitizing the topographical maps through inputs from the field observations. The Landsat TM FCC was used in determining the various morphological features in the study area.
Drainage
Sub-surface hydrological condition of any area is controlled by the drainage characteristics of the basin that leads to decipher the groundwater condition. The com- mon drainage patterns observed in the study area were dendritic and sub-dendritic. A drainage pattern (Figure 7 ) map was prepared from the topographical maps. Table 1 shows the results of drainage characteristics for the study area. The map was further used for the preparation of other thematic maps like drainage density (Figure 8) and drainage frequency. The drainage density map depicts 3 classes in terms of km 2 , low (0-2), medium (2-4) and high (>4) drainage density. Jamlechapada subbasin falls in the low drainage density class; Bendodi comes under medium class while major portion of Karade and Chandrotic sub-basin indicates high drainage density class (Table 2 ). Similar to the drainage density, the drainage frequency was also prepared by taking into account the number of streams in each grid. Length of overland flow was also calculated for four sub-basins [20, 21] . The drainage density and drainage frequency values were reclassified into three groups (Figure 8 and 9 ).
Water divided zones
Water divide zones play an important role for the non percolation of groundwater. Water divide zones were delineated from the drainage map showing as the zone of high run-off and less percolation. Rainfall data for the past 10 years of the area were plotted to make a correlation with the net recharge of the basin (Figure 10 ).
Lineaments
Lineament plays a vital role for the development of the groundwater zone. Lineaments were mapped in terms of dykes and fractures (Figure 11 ) from the satellite images. Landsat TM FCC and IRS LISS 1B III were used to delin- eate the lineaments by applying vertical gradient filters. Field experience was essential in delineating the various linear fractures [22, 23] . These lineaments were classified into four groups: major, minor, faults and thrusts; depending on the nature and aerial extent. Keeping the lineament map as the base map, a lineament density map ( Figure 12 ) was prepared. In the preparation of the lineaments density map, the values were grouped into three classes represented on a chloropleth map by (i) low, (ii) medium and (iii) high.
Slope
The slope of the land varies between 1% and 50% with basaltic ridges on three sides surrounding the Bharangi River basin. An actual slope of the area was prepared from the toposheet of Survey of India. Contours and spot heights were measured from the topographical map in terms of magnitude and direction of the slope. The slope values were found to vary considerably, from 85°to as 
Land use and Land cover
A land use and land cover map ( Figure 14) was based on the field data in conjunction with the inputs from topological maps and IRS LISS 1B FCC. The false colour composite (FCC) was very useful in identifying structures such as joints, and landforms such as forests, water bodies, etc. The standard FCC generated using bands 1, 2, 3 projected on blue, green and red, respectively, provided useful information on vegetation, water bodies, land use, land cover, rock types and structure. The standard FCC was used for selecting training sites for the supervised classification. Classes were selected and at least five training sets were chosen for all the three groups. A classified image was generated using these training areas on the three principal components [24] . An edged enhanced image for the area was generated using the ORTHOPHOTO package and it was found useful in structural and geomorphological interpretations. Supervised classification was carried out by using the training sites. The Idrisi software was used to develop a statistical characterization of the reflectance for each information class "Signature analysis". After statistical characterization was done for each information class, the image was classified by examining the reflectance for each pixel and making a decision about which of the signatures is resembled.
Aquifer zone
The vesicular-amygdaloidal portions of simple and compound basalt flow/units, whenever sheet jointed, form the main aquifers in the area. Sometimes, the underlying compact basalt in hydraulic connection with these vesicular amygdaloidal portions also acts as a secondary portion of the basalt aquifer. The shallow aquifer of Bharangi River valley is mostly tapped through large diameter dug wells. The wells have diameters between 3 to 7 meter and 9 to 13 meter deep. Usually, in most of the wells the upper 1.5-2.8 meter portion is lined with masonry. Borehole data was taken from the various locations of the area and water table layer was drawn showing a clear demarcation between aquifer zone and soil cover (Figure 15 ).
GIS modeling
A groundwater potential zonation map was prepared by different geological and hydrogeomorphological parameters such as slope, land use and lineament density, etc. The methodology adopted in this research was obtained from Goyal et al. [25] . The map overlying technique was applied in order to reveal the hydrological condition of the region. In the present analysis, drainage density and drainage frequency maps show close relationship and hence only the drainage density map was selected. The selected thematic maps were converted into digital format by scanning and digitization of the existing maps (vector). After rasterization, all the analytical steps were carried out in a GIS environment. The individual maps were then reclassified and each class was assigned to a weight in accordance with its influence on the occurrence of groundwater. The resulting reclassified and weighted maps were integrated by using map addition module. The resultant map had various values and was reclassified into a map with three classes with distinct ranges of values. This classification was done on the basis of abrupt changes in the histogram of values of the map produced by integration. These three different classes represented zones of low, medium and high groundwater potential. Satty's Analytic Hierarchy Process was applied for the selection of the weightage of the individual maps. In this method, a pair wise comparison matrix was prepared for each map using Satty's nine point importance scale [25, 26] , and this matrix was solved using Eigen Vector method. In this method the basic input is the pair wise comparison matrix "A" of order n×n constructed based on Satty's scaling ratios.
where i, j = 1, 2, 3, . . . , n.
The matrix "A" has generally the property of reciprocity and also the consistency. This is explained as
Mathematically, the matrix equation can be expressed as
where: I = identity matrix of order of n×n, 1 = eigen value, x = eigen vector. The result of the above equation (3) gives the individual class weight. Similarly the map scores were also calculated by the same procedure. Thus, finally the map scores were multiplied with the weights and applied to linear summation equation. The results show that the weight value ranges from 0.021 to 0.456 ( Figure 16 ). The lowest weight found in the study area is 0.021. By utilizing the above mentioned model, the groundwater potential zonation map was prepared.
Terrain mapping units and groundwater potential zonation
Terrain mapping units and groundwater potential zonation involves the grouping of the terrain into different units based on the different geomorphic parameters such as slope, drainage density and lineament density. The terrain mapping unit approach of Meijerink [27] was used in the present study. The procedure involved the identification of units at hierarchical levels, namely terrain mapping complex (TMC), terrain mapping units (TMU) and terrain mapping sub-units (TMS). The TMC's were identified based on the geomorphic complexes. In this study, side slope, flat ridge crest, and pediments and plain were identified as the three TMC's. The TMC map was overlaid on the lithology map, and the unique combinations were recorded to delineate TMU's. Thus, the side slope with massive basalt represents one of the TMU's. The TMU map has been overlaid on the slope and drainage density maps to identify 54 TMU's. A pediment in massive basalt with high gentle slope and low drainage density is an example of TMS ( Figure 17) . A three digit coding system was used to identify each TMS. The first, second and third digits refer to the TMC, TMU and TMS respectively. The TMS map was converted to a Groundwater Potential Zonation (GWPZ) map by reclassifying the TMS into three groups namely high, moderate and low potential based on the understanding of the terrain. However, in each case, it is imperative that the geomorphologist should formulate a set of decision rules to explain the reason for assigning a particular potential to a TMS. The final qualitative groundwater potential zonation map is shown in Figure 18 .
Results and discussion
In the present study the main factors responsible for the delineation of groundwater potential zonation were geomorphology, geology, lineament, land use/ land cover, slope, water depth and aquifer media. The results showed that geomorphology contributed most significantly to the groundwater potential zonation with a highest score weight of 0.485. Next to geomorphology, geology played the second most important role for the groundwater delineation with a score weight of 0.188. This could be due to presence of numerous faults/ dykes and presence of various stratigraphic controls. The presence of amygdloidal basalts also supported a good groundwater regime.
Drainage density was measured for the sub-basins and ranged from 4.23, 4.05, 2.60 and 3.13 km/km 2 , respectively ( Table 2 ). The slightly lower drainage density of the Jamlechapada sub-basin indicated relatively higher permeability and the presence of more fractured rock. This also indicated less surface-run-off in the sub-basin. The constant channel maintenance was calculated from the drainage density value. The comparatively larger value in case of the Jamlechpada sub-basin indicated that due to the comparatively more permeable nature of this region, a larger area was required to maintain a stream length of 1km. Constant channel maintenance values for the other three sub-basins were found to be similar. The stream frequency value of the Jamlechapada sub-basin was lesser than that of other sub-basins pointing lower surface runoff and ground slopes.
In order to validate the model, borehole yield data was collected during the field work for the study area which reflected the actual groundwater level. A comparison study between the borehole yield data and groundwater potential zones prepared by the model was made to check the validity of the proposed model. The results showed that both sets of data complemented each other. Table 3 further shows a good agreement between yield data and estimated groundwater potential zonation map. 
Conclusion
In the present study, qualitative analysis was carried out using map overlying techniques. The output map was found to have three classes, with high groundwater potential classes occurring in plain areas with the presence of highly fractured amygdaloidal basaltic rock. We can therefore conclude that high potential zones are found within very low drainage density and moderate to low lineament density areas. This region is dominated by basalt, which being a hard rock is generally considered to be a poor aquifer. However, since it is highly jointed in nature and has suffered a high to moderate degree of weathering it has been converted to a fairly good aquifer. Geomorphological studies have indicted that the northern part of the basin is fairly immature and is the run off zone. The drainage area is mature and is the saturated zone with a large amount of infiltration. Thick zones of weathering were observed in the area indicating groundwater potential in this aquifer. This study has demonstrated the capabilities of using remote sensing and GIS for demarcation of different groundwater zones, especially in diverse geological setup. This gives a more realistic groundwater potential map of an area to be formed, which may be used for any groundwater development and management program.
